Abstract Elemental analysis of water hyacinth liquid tar indicated that it contains significant amount of oxygen atom. GC-MS analysis shows that the water hyacinth liquid tar is a suitable precursor for the preparation of intermediate material for carbon fiber due to high content of phenolic compounds. The carbonization of water hyacinth resin was carried out at 900°C and the yield of the maximum total yield of carbon fiber was 29 %. The carbon fiber was characterized using SEM, and XRD methods, while the FTIR analysis was conducted to qualitatively verify the surface functional groups of water hyacinth tar and resin. The XRD analysis revealed that the carbon fiber is non-graphitic in nature. The pyrolysis temperature did not have any effect on the properties of the carbon fibers. The axial modulus and the tensile strength of carbon fibers produced from water hyacinth tar are around 42 GPa and 600 MPa, respectively. These properties are comparable to the commercial carbon fiber.
Introduction
Carbon fiber has been in use as a precursor for the preparation of composite materials (carbon fiber-reinforced polymer) for various applications. Currently, the commercially available carbon fibers are made mostly from organic polymers such as polyacrylonitrile (PAN), rayon or petroleum pitches. The major drawback of commercial carbon fibers from those organic polymers as the precursor is in the high cost of precursors. Almost half of carbon fiber production costs are associated with precursors [5] . In the recent years, many studies have been carried out to find out renewable polymers as the precursors for carbon fiber production [5, 7, 12] . These renewable polymers have several advantages compared to those PAN or petroleum pitches since they are renewable, low in cost, and abundantly available for large scale production.
Lignin is a potential precursor for the preparation of carbon fiber. However, the production of carbon fiber using lignin as the feed stocks is a challenging process especially in the melt-spinning process. It has complex chemical structure and it is difficult to recover in a clean and pure form [6] . In the melt-spinning process high-purity lignin is required to obtain proper mechanical properties of the carbon fiber. Details of the history of carbon fiber from the lignin and modification of lignin to improve the mechanical properties of the carbon fiber have been summarized by Luo et al. [6] .
The possibility of using liquid tar as the new precursor for the preparation of carbon fiber has been explored by Qiao et al. [10] . The idea of utilizing liquid tar obtained from the pyrolysis of biomass inspired from commercial production of phenolic resin from phenol and formaldehyde. In the manufacture of commercial phenolic resin, the polymerization reaction of phenols with formaldehyde is conducted in the presence of the acid catalyst such as hydrochloric acid or sulfuric acid. The major components in liquid tar of biomass are phenols and its derivatives; therefore, it can be employed as the carbon source or precursor for carbon fiber.
In the present study, carbon fiber was prepared from water hyacinth tar. The water hyacinth tar-based resins were prepared by polymerization of tar in formaldehyde using hydrochloric acid as the catalyst. The resulting resins were then processed into carbon fiber. More competitive carbon fiber precursor from the renewable resource as well as the simple and practical process has been obtained in the study.
Experimental

Materials
Water hyacinth as feedstock in this study was collected from a river in Surabaya, East Java, Indonesia. Prior to the size reduction, the water hyacinth was dried under the sun to reduce its moisture content. Subsequently, dried water hyacinth was ground in a Philips HR2115 grinder to reduce its particle size. The dried water hyacinth powder was then kept in a desiccator for further use. The proximate analysis of the dried water hyacinth powder is given in Table 1 . The proximate analysis was conducted according to the ASTM procedures (ASTM D4442-07 for moisture content, ASTM E1755-01 for ash content, and ASTM D3175-11 for volatile matter content). The fixed carbon content was calculated by the following equation:
Pyrolysis experiment
The pyrolysis of water hyacinth was conducted in a Thermolyne F21130-26 tubular furnace. The pyrolysis experiments were carried out at 450, 500, 550, and 600°C with a heating rate of 60°C/min. 10 g of water hyacinth powder was introduced into the tubular furnace reactor and subsequently the tubular furnace was tightly closed and sealed to prevent any leaking. In order to prevent oxidation or combustion during the pyrolysis process and to maintain the inert condition, nitrogen gas was introduced to the system at a flow rate of 3 L/min. The tubular furnace reactor was then heated at a rate of 60°C/min from room temperature to desired temperatures (450, 500, 550, and 600°C) and held isothermally for 2 h. During the pyrolysis process, the gases and vapors products generated from the thermal cracking of biomass were passed into double-stage condensers which operated at 4°C. In the condensers, the condensable vapors were condensed into liquid and collected in measuring cylinder as liquid tar. The non-condensable gases together with the carrier gas were passed to a flow meter where the volume of exit gases was recorded. The yield of char and bio-oil was determined by weighing the mass of both products using an analytical balance (Precisa 3000D).
Liquid tar characterization
Liquid tars obtained from the pyrolysis process were characterized using Agilent 6890N Gas Chromatography equipped with an Agilent Inert XL Mass Spectrometry detector. Capillary column used was Varian CP9154 60 m 9 0.25 mm 9 250 lm with helium as the carrier. Acetone was used as the solvent for diluting the water hyacinth tar (500:1). Identification of the chemical constituents in liquid tar was conducted by comparing the mass spectra patterns of the sample with the National Institute of Standards and Technology (NIST) database.
Polymerization of liquid tar into resin
The polymerization of water hyacinth tar into resin was carried out as follows: 50 g of water hyacinth tar and 50 g of an aqueous 37 % formaldehyde solution were introduced to 250-mL flask. Subsequently, 10 % of oxalic acid (as catalyst) was added to the mixture, and heated at 90°C for 60 min under constant stirring at 500 rpm. After 60 min, 10 % HCl solution was added to the mixture and also heated at 90°C for 35 min under constant stirring at 500 rpm. After completion of the reaction, the water was removed from the mixture and the water hyacinth resin was obtained after drying.
Preparation of carbon fiber from water hyacinth resin
The water hyacinth resin was spun at 180°C at a winding rate of 250 rpm. Subsequently, it was stabilized at temperature of 200°C for 1 h, and carbonized at 900°C at a slow heating rate (1°C/min) for 1 h under constant nitrogen flow with the flow rate of 3 L/min. The resulting carbon fiber was characterized using SEM, and XRD, while the FTIR analysis was conducted to qualitatively verify the surface functional groups of water hyacinth tar and resin. The surface morphology of carbon fiber from water hyacinth was visualized using a field emission scanning electron microscopy JEOL JSM-6300F. Prior to analysis, the samples were coated with a thin layer of platinum using an Eiko IB-5 sputter-coater operated at 6 mA for 3 min in argon atmosphere. The coated samples were then placed in the SEM specimen chamber and scanned at an accelerating voltage of 10 kV.
The X-ray scattering data of carbon fibers were obtained on a Philips PANalytical X'Pert X-ray diffractometer, and the crystallographic parameter (d 002 ) was obtained according to the JSPS (Japan Society for the Promotion of Science) procedure [10] . The powder diffractograms of the specimens were acquired at 40 kV and 30 mA from 2-theta of 5°to 90°with a scanning speed of 1°/min. The radiation source was Ni-filtered Cu Ka 1 (k = 0.15405 nm and graphite monochromator).
The FTIR analysis of water hyacinth tar and resin was conducted on a Shimadzu FTIR 8400S spectrometer using KBr as a binder. FT IR spectrum of tar was measured by painting tar on the surface of a KBr pellet. The spectra data of samples were collected within 4,000-500/cm in transmission mode. Data processing includes baseline adjustment, normalization, and spectral smoothing was performed using IRsolution software package (version 1.21) available within the instrument.
The tensile strength and axial modulus of carbon fiber were measured in INSTRON 1195 machine. The experimental procedure consists of the sample preparation, the testing of materials, the determination of system compliance, and calculation of tensile strength and axial modulus. Details about the procedure can be found in [3] .
Results and discussion
The characteristics of water hyacinth tar
The properties of water hyacinth tar obtained at various pyrolysis temperatures are shown in Table 2 . From this table it can be seen that all of the tar obtained from different temperatures possess very high oxygen content. Water hyacinth tar is very complex mixtures of different chemical species derived from depolymerization and fragmentation of water hyacinth main components (lignin, cellulose, and hemicellulose). The chemical species in the liquid tar are organic compounds and cover a wide range of molecular weights [2] . The organic compounds in liquid tar consist of acids, phenols, esters, aldehyde, ketones, alcohols, hydrocarbons, and other organic compounds. The chemical compositions of the water hyacinth tar are given in Table 3 , while the GC-MS spectrum is depicted in Fig. 1 . Due to the very complex reaction occurring during the pyrolysis process, the composition of organic compounds in water hyacinth tar does not depend on the temperature as indicated in Table 3 . Similar results were also obtained by other researchers [9, 11] . High content of phenolic compounds indicates that the water hyacinth tar is a suitable raw material for carbon fiber production. Phenolic compounds in water hyacinth tar originated from the thermal decomposition of lignin during the pyrolysis process, which is a complex aromatic structure composed by substitution of phenyl propane units, linked by hydroxy and methoxy groups [1, 2] .
The yield of pyrolysis products (tar, char and gas) at various temperatures is summarized in Table 4 . The yield of tar increases with the increase of temperature (from 450 to 550°C); however, further increase of temperature results in the decrease of tar as seen in Table 4 . The decrease of the tar is due to the secondary cracking reaction; the tar decomposed into smaller compounds in the form of gases (CO 2 , CO, CH 4 , H 2 , etc.).
Water hyacinth tar into resin
The polymerization reaction between water hyacinth tar and formaldehyde in the presence of acid catalyst was conducted at 90°C in batch mode under constant stirring. The maximum yield of resin was 63 % ( Table 5 ). The yield of resin was higher than phenol content in the liquid tar, possibly due to the presence of other groups similar to phenols that are easier to access and reacted with formaldehyde to form the resin, resulting in higher yield of resin. This result is lower than those obtained by Qiao et al. [10] . In their study, the polymerization of wood and bamboo tars with formaldehyde provided resins with yields of 72 and 80 %, respectively [10] . Wood and bamboo contain higher lignin than water hyacinth; therefore, its liquid tar contains higher phenols compounds and the polymerization of these tars produced more resins. Mitsunaga and coworkers reported the reactivity of phenolic compounds with formaldehyde using ab initio methods at the RHF/6-31?G level of theory using the CHelpG method [8] . CHelpG method is an atomic charge calculation scheme in which atomic charges are fitted to reproduce the molecular electrostatic potential (-MESP) at a number of points around the molecule. The assignment of characteristic FTIR spectra of water hyacinth tar and resin to functional groups are in Table 6 . FTIR spectrum of water hyacinth tar indicates that this sample contains different kinds of organic compounds and different functional groups as well (Fig. 2) . These functional groups in general are similar to the functional groups of liquid tar from oak, pine, and bamboo [4] . The FTIR spectrum (Fig. 2) of water hyacinth resin indicates abundant functional groups also present in the resin, especially- OH stretching group (3,600-3,200/cm). The phenolic OH and ether groups were also observed at 1,211 and 1,267/ cm.
Carbon fiber and its characterization
The stabilization of water hyacinth resin was conducted at 200°C for 1 h. During stabilization, some of the small molecular weight volatile components evaporated and result in the decrease of resin weight about 15 %. The carbonization of the water hyacinth resin was conducted at low heating rate (1°C/min) to avoid the deformation and melting of the stabilized resin. During the carbonization the depolymerization and cracking of the resin occurred and the yield of 44 % of carbon fiber was obtained after the carbonization process was completed.
The morphologies of carbon fiber derived from water hyacinth are given in Fig. 3 . Smooth surface and almost uniform size of the fiber was observed in Fig. 3 . The diameter of the fiber obtained in this study is around 10 lm, similar to the commercially available carbon fiber.
Carbon fiber produced from water hyacinth was characterized using X-ray diffraction. The interlayer spacing (d 002 ) of the carbon was calculated using the Bragg equation: 
where k is the X-ray wavelength and h is the scattering angle for the peak position. The diffractogram of the carbon fiber is depicted in Fig. 4 . The value obtained for interlayer spacing (d 002 ) for carbon fiber produced from water hyacinth was 0.358 nm, this value was higher than the ideal graphite having d 002 value as 0.335 nm indicating the carbon fiber has non-graphitic nature (standard JCPDS 41-1478 is also given in Fig. 4) . The axial modulus and tensile strength of carbon fibers produced using water hyacinth tar as precursor is given in Table 7 . From this table it can be seen that the pyrolysis temperature does not have any influence on the performance of carbon fibers. The axial modulus and the tensile strength of carbon fibers produced from water hyacinth tar are around 42 GPa and 600 MPa, respectively. These values are comparable with carbon fiber produced from bamboo tar and commercially available carbon fibers from pitch tar [10] .
Conclusion
The analysis of chemical composition of the water hyacinth liquid tar reveals that this liquid contains significant amounts of phenolic compounds. High content of phenolic compounds indicates that the water hyacinth tar is a suitable raw material for carbon fiber production. The preparation of resin was conducted by polymerization of liquid tar with formaldehyde in the presence of acid catalyst. The maximum yield of resin was 63 %. In the present study, the carbon fiber was successfully prepared from water hyacinth liquid tar with uniform diameter.
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